The purpose of this manuscript is to present an analysis to clarify the meaning of terms in the definition and resolve the question of the proper normalization.
I. Introduction
It is common practice in passive microwave remote sensing (microwave radiometry) to express observables as temperatures, a practice apparently inherited from radio astronomy [la, 2a] . In the case of polarimetric radiometry it is common to use the notation of Stokes parameters but with the correlations normalized to units of temperature where A is the wavelength, k is the Boltzmann's constant, Bw is bandwidth and q is the wave impedance of the medium. As will be pointed out below, there is ambiguity with One approach for obtaining Equations 1 is to model the radiometer response along the lines of classical radio astronomy (i.e. in terms of the incident brightness) and then use arguments from electromagnetic theory to relate the brightness to the electromagnetic fields. This two-step approach is outlined in Appendices A and B, respectively. A slightly different approach is adopted here in an effort to relate the results more directly to polarimetric measurements as used in contemporary microwave remote sensing radiometry. The analysis begins in Section II with the output of an idealized correlation radiometer. Section III rewrites the output as equivalent temperature and Section IV puts the results in the form of Equations 1. An interpretation in terms of familiar results is given in Section V. We conclude that when < I Ep 1 2>/,q is equivalent to the source brightness at polarization "p", then the bandwidth, Bw, should not appear in Equations 1.
II. Radiometer Response
Consider the idealized "correlation" radiometer shown in Figure 1 . It consists of two paths whose signals are multiplied together and averaged. The multiplication is "coherent" (i.e. phase and amplitude are measured). For the purpose of this investigation, the details of the implementation with real hardware (e.g. [9] ) is omitted and all the operations are assumed ideal: The antenna is lossless and its output voltage, ep(t), is the input to an ideal receiver (no noise, no cross-coupling, ideal operations). In this idealized case, hp(t) denotes the effective impulse response of the arm with polarization, p = Ip,g1, and the last step after the multiplication (operationally a low pass filter) is assumed to be sufficiently narrowband to be represented by an integral. An idealized receiver is Vp q appropriate here because the goal is to determine the form which the input takes after processing rather than the limits that real hardware place on estimating this quantity.
A correlation receiver has been taken as the starting point to be general and also to explicitly include the processing involved in polarimetric radiometry. A total power radiometer is a special case when the two paths are identical. In the more general case, the system represents a single antenna with two different polarization ports (e.g. p = h and q = v) as is appropriate for polarimetric radiometry. In principle, the schematic could also represent measurements with two different antennas as would be the case, for example, in an interferometer or synthetic aperture radiometer [ 10] . The analysis in this case follows as outlined below, but one must explicitly include the relative distance (spacing) between the antennas [11] . Including this term and realistic constraints [11, 12] complicates the analysis and since it is not pertinent to the issue at hand, this case is not included here Fig. 1 : Receiver architecture. The output signal, ep(t), from each antenna is the input to an ideal correlating radiometer receiver. The antenna is described by its complex voltage patterns and the receiver path is described by its impulse response, hp(t).
The output of the receiver in Figure 1 can be written:
is the result of three operations: a) The response of each arm (p,q) of the receiver which is given by the convolution e(t)*h(t); b) the product of the signal out of each arm which is the product of the two convolution pairs (i.e. the terms in square brackets); and c) the time average of the product. The last step is represented by the integral over the parameter V. The parameter, T, represents the equivalent time constant of the last stage of the receiver in Figure 1 and the integration is over a window of width 2Tcentered at t. In Equation 2, the asterisk "*" indicates a convolution but in all the work to follow it will indicate the complex conjugate. Replacing the terms in the integrand of Equation 2 with their Fourier transform and using the fact that they are real quantities, one obtains: 
Since the application is to remote sensing of natural sources, the incident field will be modeled as a random process. Consequently, the radiometer output will also be a random process. The goal is to compute the expected value of the radiometer output, < Vpq(t*
To simplify the analysis, it is assumed that the process is stationary and that the fields, '£,(S2, v), arriving at the antennas from different directions are uncorrelated, common assumptions in remote sensing of "natural" scenes [14] . These assumptions can be represented formally by writing:
where S pg42,v) is the cross-spectral density associated with the incident electromagnetic 
Because of the assumed stationarity, the expected value of the radiometer output, <Vpq(t)>, does not depend on time, and the notation has been simplified to reflect this. 
The bandwidth, Bw , defined in Equation 10 is the common definition of "noiseequivalent bandwidth" [2c, 4]. It is implicit in the definitions above that the gain of the system is a maximum at the center frequency, vo.
III. Antenna Temperature
The convention used in radiometry is to express the output as a temperature, T, by equating the output power to the noise power available from a resistor at this temperature. AP X' /QBp (14) where k is evaluated at the center frequency uo and QBp is the integral over the normalized antenna pattern. Equating the right-hand sides of Equations 12 and 13 and using Equation 14, one obtains:
The term, TApq, in Equation 15 is a measure of the output power of the radiometer and is called the "antenna temperature".
IV. Modified Stokes Parameters
In the special case p = q, Equation 15 becomes: 
Alternatively, one could use the discussion below Equation 13 or in Appendix B identifying S pp(SZ) )/l with brightness. Then, assuming an unpolarized source and using the Rayleigh-Jeans approximation for applications to observations in the microwave spectrum, one has: (18) which is the same as Equation 17 . The factor of 2 in the Rayleigh-Jeans approximation is not present above because this is the power at a single polarization.
The definition of brightness temperature can be generalized by adapting the relationship in Equation 17 to the general case of mixed polarization:
The temperature on the left hand side of Equation 19 is a brightness temperature (a characteristic of the source) in contrast to Equations 15 or 16 where the temperature on the left hand side represents the output of the measurement system (antenna temperature). Item 3 above is the circumstance encountered when microwave radiation from a thermal source such as the Sun or Moon is reflected from a surface such as the Earth to the observer. This is a common occurrence in microwave radiometry and points out the need for a more generalized form for scene brightness than the classical Rayleigh-Jeans approximation: B = 2 k T/ k2. It is possible in this case that T 3 :^ 0 and/or that T4 ^6 0.
The former can occur due to polarization rotation such as occurs in the ionosphere (e.g. (Appendix A) to compute the radiometer output. The dimensions on the left-hand side are Kelvin/steradian [19] which is consistent with this application (i.e. integration by the antenna of the radiation per unit solid angle incident from a given direction).
Notice that the radiometer system bandwidth, Bw, does not appear in these expressions. This is reasonable since Equations 26 are parameters of the scene (brightness) and should be independent of the measurement device. These expressions are also dimensionally consistent which can be seen by recalling that Spq(Q, v)1 rl has units of brightness and that Boltzmann's constant has units of Joule/Kelvin.
Writing Equations 26 in terms of electric fields, for example as done in Equations 1, is problematic because of the issues associated with defining Fourier transforms in the case of stationary random processes. One can avoid this issue by using the definition of the spectral density:
where F[•] denotes a Fourier transform and R pq(T) is the correlation function for the electric fields incident on the antenna from direction Q:
The problem occurs when one tries to rewrite these expressions in terms of the Fourier transforms of the fields. In order to accommodate the assumption that the random process is stationary, one should use the definition in Appendix C:
However, it is appealing to try to preserve the notation in Equations 1 (i.e. the use of electric fields on the right-hand side in forms such as < I E,, ( 2>). For example, one might make a simple substitution of for Spg(Q,u) with the understanding that the limit in Equation 29 is implied. The difficulty with this approach is that it is dimensionally misleading. In particular, < I Ep(Q,u) I 2 > suggests units of (VoltlmeterHz)2 whereas Spq(92,U) in Equation 29 has units of (Volt/meter)2/Hz. The power, Wp, available at the output of an antenna with polarization p = ( v,h) when looking at an unpolarized source with brightness, B(S2,v), is [1a, 2e]:
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where Ae is the effective area of the antenna and P" is the normalized antenna pattern.
Assume that the Rayleigh-Jeans approximation applies: 
IX. Appendix B: Brightness and Electromagnetic Fields
The objective of this appendix is to establish the relationship between the source brightness and the electromagnetic fields incident at the radiometer antenna. 
A. Time Average Poynting Vector
The time average of the power per unit area arriving from a direction n (i.e. crossing a plane with unit normal, n, located at the antenna) can be expressed in terms of the incident electromagnetic fields using Poynting's theorem:
where W is the power passing through a plane with area A and unit normal n; and where, E and H are the electric and magnetic field intensities, respectively, and <• >t denotes a time average, and "x" denotes the "vector" or "cross product".
In order to evaluate Equation B 1, it is convenient to represent the field by their Fourier transform and do the analysis on the transforms:
To express the fields in the frequency domain we assume that the sources are far away and adopt the radio astronomy model by considering the radiation from sources in a small solid angle dQ in the direction 92 as illustrated in Figure 2 . Consider a sphere of radius R surrounding the observer (antenna) as shown in Figure 2 . The radius R is assumed to be large compared to wavelength but small enough that all sources are outside the sphere. The electromagnetic fields at the observer can be written in terms of the electric field in the aperture dE where the cone dQ crosses the sphere. Since R is large, one obtains approximately [20] :
where k = 2rru/c is the wave number and K is a unit vector in the direction of propagation from dE to the observation point and e is an arbitrary, unit amplitude, polarization vector.
To compute the power available at the observer (antenna), the fields from all apertures are added and the time average of the Poynting vector of the total field is computed.
Using the fact that E(r,t) is real (the Fourier transform is hermitean), one can write this in the following form:
..
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The fields propagating in the direction K in each aperture, dE, in Figure 2 are composites of radiation from many sources (all the sources in the solid angle dQ) and will be modeled as a random process. We consider the case of "natural" or "thermal" radiation in which case it will be assumed that the radiation from different apertures (directions, K)
is uncorrelated and that the process is ergodic and stationary [14] .
Ergodicity permits replacement of the time average in Equation B4 with the statistical (ensemble) average. Because the process is stationary and the fields in different patches are uncorrelated, one can express the average as:
and Equation B4 becomes:
Recognizing that dE(K' )/R2 = dQ where 0 denotes solid angle, one can write:
The function, S EM, u), in Equation B8 is the power spectral density of the electric fields arriving from a given direction (0,9) per unit solid angle, Q. It is not the power spectral density of the electric field at the antenna but, rather, a "directional" power spectral density. See Appendix C for a discussion of the spectral density in this context.
Also, note that Equation B8 is independent of distance, R, the radius of the sphere in Figure 2 . This is to be expected because the fields in Equations 133a-b are radiation fields and the radiated power is conserved.
B. Brightness and Electric Field
From Equation B8, the dimensions of S E(92, u)hl are seen to be "power/(unit area - 
